We studied the effect of annealing temperature on the physical properties of WO 3 thin films using different experimental techniques. WO 3 has been prepared by hot-filament metal oxide deposition (HFMOD). The films, chemical stoichiometry was determined by X-ray photoelectron spectroscopy (XPS). The monoclinic single-phase nature of the as-deposited films, structure was changed to triclinic structure by annealing them at higher temperatures than 400 ∘ C, which has been determined by the X-ray diffraction analysis. By Raman scattering is confirmed the change of crystalline phase, of monoclinic to triclinic, since that lattice vibrational modes of as-deposited WO 3 and annealed at 500 ∘ C present clearly differences. WO 3 band gap energy can be varied from 2.92 to 3.15 eV by annealing WO 3 from 0 to 500 ∘ C as was obtained by transmittance measurements. The photoluminescence response of the as-deposited film presents three radiative transitions observed at 2.85, 2.41, and 2.04 eV that could be associated with oxygen vacancies; the first one is shifted to higher energies as the annealing temperature is increased due to the change of crystalline phase of the WO 3 .
Introduction
Transition metal oxides represent a large family of materials possessing various interesting properties, such as superconductivity, colossal magnetoresistance, and piezoelectricity. Among them, tungsten oxide is of great interest and has been investigated extensively for its distinctive properties. With outstanding electrochromic [1] , photochromic [2] , gas chromic [3] , gas sensor [4] , photocatalyst [5] , and photoluminescence properties [6] , as a result, tungsten oxide has been used to construct "smart-window, " antiglare rear view mirrors for automobiles, nonemissive displays, optical recording devices, solid-state gas sensors, humidity and temperature sensors, biosensors, photonic crystals, and so forth.
WO 3 thin films can be prepared by various deposition techniques such as thermal evaporation [3, 7] , spray pyrolysis [8] , sputtering [9] , pulsed laser ablation [4] , sol-gel coating [10] , and chemical vapour deposition [11] . The purpose of this work is to characterize the WO 3 layers deposited by hot filament metal oxide deposition (HFMOD) technique, which uses a metallic filament heated in a rarefied oxygen atmosphere [12] . The film is deposited on a substrate positioned near the filament, and the deposition rate is controlled by the filament temperature and the oxygen pressure, after they were annealed at a wide temperature range. This growth technique has some advantages compared to the conventional growth technique; easily implemented and it is not expensive. Both the thermochemistry of the process and the kinetics of film formation are currently under investigation. It is clear, however, that the film is formed from volatile Me O precursors, where Me is the metal, generated on the heated tungsten surface from reactions between oxygen and tungsten. The investigations so far carried out in our laboratory show that the films can be deposited with a good stoichiometric control, with relatively high deposition rates, presenting them a good adhesion to both metallic and dielectric substrates. Tests 2 Advances in Condensed Matter Physics on the electrochromic properties carried out on samples of WO 3 show that their optical efficiency is higher than that of WO 3 films obtained by the above-mentioned techniques. It is also important to remark that this technique differs from a deposition technique called hot filament chemical vapour deposition (HFCVD), which have been used to deposit siloxane [13] and diamond-like films [14] , because the filament used here is not just a "catalyst" used to activate chemical species; it is also a reactant in the reaction. The characterization of the deposited material is carried out by XPS, Xray diffraction, Raman spectroscopy, transmittance spectroscopy, and room-temperature photoluminescence.
Experimental Details
The WO 3 thin films were deposited by hot-filament metal oxide deposition (HFMOD) technique at atmospheric pressure on 100 oriented Si semi-insulating substrates at room temperature; the main growth system characteristics have been reported in the literature [12] . The thin films were annealed at different temperatures in the range from 100 to 500 ∘ C during 10 min in a nitrogen atmosphere. The chemical stoichiometry was determined by X-ray photoelectron spectroscopy (XPS) for the as-deposited film and annealed at 500 ∘ C. For the XPS analyses, a hemispherical spectrometer using the unmonochromatized K and X-ray line of aluminium was employed. Structural characterization of the samples was carried out by means of X-ray diffraction (XRD) in a Bruker D8 Discover diffractometer, with a parallel beam geometry and monochromator of Gobel mirror, Cu K radiation = 1.5406Å, in the range of 20 ∘ < 2 < 80 ∘ , by step of 0.02 ∘ . The XRD data were indexed using the program DICVOL04 with an absolute error of 0.03 ∘ in 2 in calculates; all diffractograms were examined using the database ICDD PDF-(20-1324) [15] . Afterward, they were refine using the program POWDERX to determine the crystalline system and the parameters of unit cell. Raman scattering experiments were performed at room temperature using the 6328Å line of HeNe laser at normal incidence for excitation. The laser light was focused in a spot diameter of 6.0 m on the sample using a 50x (numerical aperture 0.9) microscope objective. The nominal laser power used in these measurements was 20 mW. Scattered light was analyzed using a Dilor micro-Raman system (Lambram model); a holographic notch filter made by Kaiser Optical System, Inc. (model superNotch-Plus); a 256 × 1024-pixel CCD was used as detector and cooled to 140 K using liquid nitrogen and two interchangeable gratings (600 and 1800 g/mm). Typical spectrum acquisition time was limited to 60 s to minimize the sample heating effects. Absolute spectral feature position calibration to better than 0.5 cm
was performed using the observed position of Si which is shifted by 521.2 cm −1 from the excitation line. The transmittance measurements were performed using a Bruker Infrared Spectrometer Vertex 70. Room-temperature photoluminescence was taken with a solid state laser 325 nm with 60 mW as excitation source and a SCIENCETECH 9040 monochromator was used to perform the sweep of wavelength at room temperature in a cryostat CRYOGENICS. 
Results and Discussion
The elemental and chemical characterizations of the WO 3 films were performed by XPS on the as-deposited WO 3 sample and on the 500 ∘ C annealing one, which are shown in Figure 1 . In the XPS spectrum (a) observes to W(4f 7/2 ) at 35.6 eV and W(4f 5/2 ) at 37.8 eV with a full width at half maximum (FWHM) of 1.75 eV. The area ratio of these two peaks is 0.75, which is supported by the spin-orbit splitting theory of 4f levels. Moreover, the structure was shifted by 5 eV towards higher energy relative to the metal state. It is thus clear that the main peaks in the XPS spectrum are attributed to the W 6+ state on the surface [1] , indicating that the as-deposited film is composed of stoichiometric WO 3 . In stoichiometric WO 3 , the six valence electrons of the tungsten atom are transferred into the oxygen p-like bands, which are thus completely filled. In this case, the tungsten 5d valence electrons have no part of their wavefunction near the tungsten atoms and the remaining electrons in the tungsten atom experience a Advances in Condensed Matter Physics stronger coulombic interaction with the nucleus than in the case of a tungsten atom in a metal, in which the screening of the nucleus has a component due to the 5d valence electrons. Therefore, the binding energy of the W(4f) level is larger in WO 3 than in metallic tungsten. If an oxygen vacancy exists, the electronic density near its adjacent W atom increases, the screening of its nucleus is higher, and, thus, the 4f level energy is expected to be at a lower binding energy [1] . For WO 3 film annealed at 500 ∘ C, the W(4f) peaks moved to a lower binding energy so that the W(4f 7/2 ) position was observed at 35.0 eV; see Figure 1 (b). This behaviour can be due to the presence of water in our layers which evaporates during annealing. Then, this effect can be related to oxygen vacancies at this high annealing temperature and the formation of W 5+ . Figure 2 illustrates the surface morphology of typical as-grown WO 3 film and the 500 ∘ C annealing one obtained by SEM-EDS, which reveals the uniform roughness surface nature; besides the SEM-EDS measurements allow confirming the chemical composition of WO 3 layers grown by HFMOD. As is observed in the figure, there are some differences between the two morphologies; in the first one can see some nanostructures, which disappear with the heat process.
The X-ray diffraction pattern of as-deposited HFMOD WO 3 film on 100 silicon substrates is shown in Figure 3 that was measured from 2 = 20 ∘ to 40 ∘ . It is observed from XRD pattern that WO 3 films deposited even at room temperature are of crystalline nature. This may be attributed to the fact that the crystalline silicon substrate facilitates the growth of crystalline WO 3 thin films, and their crystal lattice orientation is initiated on the silicon substrates at room temperature. By refinement of experimental X-ray data of asdeposited WO 3 using the software DICVOL04, the data finds that they are in good agreement with the monoclinic system reported in the ICDD PDF (20-1324) (WO 3 ) [15] . From this close agreement, it is confirmed that as-deposited hot-filament metal oxide deposition WO 3 films belong to the monoclinic crystal system. The X-ray pattern of as-deposited WO 3 film is described in the 2 / whose lattice parameters were calculated using the software POWDERX, obtaining the following lattice parameters values: = 7.297Å, = 7.539Å, = 7.688Å, and = 90.91 ∘ and its unit lattice volume is about 422.88Å 3 , which are in agreement with the reported values [16] . Also, the formation of triplet peaks along (00l), (0k0), and (h00) growth orientations (where ℎ = = = 2) shows that the films are grown along " , " " , " and " " axes, respectively, confirming the columnar and textured nature of the films; see Figure 3 . The intense and sharp peaks in X-ray diffraction pattern reveal the good crystallinity of the film and also confirm the stoichiometric nature of WO 3 films. The single-phase nature of the films also was confirmed from the presence of XRD peaks pertaining only to the WO 3 phase. With the increasing annealing temperature the intensity of the diffracted peaks becomes more intense and sharp that is indicative of a better crystallinity. The enhanced preferential orientation after annealing at high temperatures may be due to the movement of deposited atoms along the surface of the substrate to reach the low-energy nucleation sites and to be preferentially deposited there itself. Furthermore, in Figure 3 are presented the XRD patterns of WO 3 samples annealed at different temperatures (300 ∘ C, 400 ∘ C, and 500 ∘ C). As has been reported in the literature, crystalline WO 3 presents a pseudocubic structure with a slight distortion of the cubic ReO 3 -type lattice, being the most common crystalline structures at room temperature monoclinic and triclinic [17] . Due to the slight distortion of the lattice, the main reflection (200) of the ideal cubic cell splits into three reflections in the range [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] ∘ [18] : (200), (020), and (002) pseudo-cubic reflections. The differences between the X-ray patterns of the samples annealing at lower temperatures than 500 ∘ C should be attributed to the presence of some bulk defects that would mainly affect the (002) reflection peak. The XRD patterns obtained by the as-deposited samples and the annealed samples are very similar, except by the small peak sited at 2 ∼24 ∘ that is indicated by the arrow in Figure 3 [19] , which is associated with the monoclinic phase that disappears at higher annealing temperatures than 400 ∘ C, which is indicative of the WO 3 changes of dominant crystalline phase with the annealed ones, at triclinic phase [19] . Besides, as has been reported in the literature, it should follow the change in the diffraction peak sited at about 2 ∼34 ∘ [19] that allows making a clear attribution of the crystalline structure of the different samples, in this study the peak observed at about 34 ∘ change appreciably which should allow distinguishing clearly between monoclinic and triclinic structures. Using the same software POWDERX, the data were obtained the lattice parameters of the triclinic structure whose values are = 7.31261Å, = 7.52521Å, = 68937Å, = 88.85 ∘ , = 90.91 ∘ , and = 90.94 ∘ and its unit lattice volume is about 422.94Å 3 . It is interesting to notice the evolution of their maximum intensity and their full width at half maximum (FWHM) with the annealing temperature of these three main peaks. Experimental spectra show that the relating intensity of the peak corresponding to (002) reflection (at 23.08 ∘ ) is higher than the other two up to 400 ∘ Cannealing, reaching a similar value after 500 ∘ C annealing; see Figure 3 . A similar behaviour is reflected by the evolution of FWHM of (002) reflection that is shown in Figure 4 , as it only approaches the values of the other two peaks after a 400 ∘ Cannealing. Figure 4 also included the peak associated with monoclinic phase to follow its behaviour with the annealing temperature and its disappearance. This behaviour indicates that the thin films improve their crystalline quality with the annealing processes.
Raman spectra of as-deposited and annealed WO 3 films are shown in Figure 5 , which were measured at the range from 1000 to 50 cm −1 . The numbers to the right of graphs indicate that increasing temperature increases Raman intensity. The Raman spectroscopy can give a clearer evidence of the phase changes and allows following the different steps of the transformation by analysing the evolution of lowest frequency peaks (up to 200 cm −1 ) of the Raman spectra [19] . These peaks correspond to lattice modes of vibrational natural that are noticeably affected by the transitions between the low symmetry phases of WO 3 , which involve mainly collective rotations of the basic [WO 6 ] octahedral units. Most vibrational peaks below 200 cm −1 in the WO 3 Raman spectrum are attributed to lattice modes, whereas the midand high-frequency regions correspond to deformation and stretching modes, respectively. As can be observed from Figure 5 there is no feature with highest frequency to the peak of 801 (811) cm −1 in the Raman spectrum of the crystalline WO 3 film as-deposited (annealed), which is a good evidence, since WO 3 crystal does not have any double bond [20, 21] and this is observed above that frequency. The Raman spectrum of as-deposited WO 3 presents four main vibrational bands in the range of 1000-200 cm −1 observed at 801, 710, 322, and 262 cm −1 . The intense peaks at 801 and 710 cm −1 are typical Raman peaks of crystalline WO 3 (m-phase), which correspond to the stretching vibrations of the bridging oxygen [22, 23] , and these are assigned to W-O stretching (]), W-O bending ( ), and O-W-O deformation ( ) modes, respectively [24, 25] . This great number of active Raman modes is due to the distortion of the ReO 3 -type structure in real monoclinic situation, as the group theory shows that this structure should only have two active modes [19] . The sharp peaks at 262 and 322 cm −1 are assigned to the bending vibration (O-W-O) [24, 26] . The Raman peak at 262 cm −1 is intense enough, which means that a great fraction of monocrystalline phase is present in the as-deposited films. The peaks observed at 801, 710, and 262 cm modes of the crystalline WO 3 (monoclinic phase). All these peaks are in good agreement with what has been published on WO 3 deposited by conventional techniques. The Raman spectra of the samples annealed at 400 and 500 ∘ C are shown in Figure 5 . Before and after annealing the WO 3 films show similar Raman spectra for the range 1000-200 cm −1 [27] . Variations of the intensity between the Raman spectra are found in all frequency ranges; furthermore, the Raman spectrum of WO 3 sample annealed at 500 ∘ C is slightly displaced to blue possibility due to the increment of oxygen vacancies and the phase change. All the noise background from the underlying silicon slide in the spectra decreases after annealing at 300 ∘ C; that is, the / ratio of Raman intensity ( ) and noisy signal intensity ( ) increased after annealing. Figure 6 illustrates the Raman spectra in the range 160-50 cm −1 of two samples: eliminate as-deposited WO 3 and 500 ∘ C-WO 3 . Figure 6 (a) shows the Raman spectrum for the as-deposited sample, which presents four peaks observed at 126, 84, 65, and 60 cm −1 . These are typical characteristic peaks of the monoclinic crystalline phase at low frequencies that were obtained by deconvolution using Lorentzian curves and allowed finding the peaks frequencies that are associated with lattice modes [26, 28] . Similar vibration modes were obtained by Raman theories and are in agreement with the reported results [23] . As is observed in Figure 6(b) , the Raman spectrum of 500
∘ C-WO 3 shows that its peaks are enhanced by the annealing. By the way, as the vibrational modes at low frequencies are associated with the lattice modes, as is observed in Figure 6(a) , the main vibrational bands present in the Raman spectrum of as-deposited WO 3 film are different from the vibrational modes present in the Raman spectra of the films annealed at higher temperatures than 400 ∘ C, which is indicative of the annealing WO 3 films change of crystalline phase with the heat treatments, from monoclinic to triclinic phase. Table 1 presents all the modes frequencies observed in the present study. All the vibrational modes observed at frequencies higher that 160 cm −1 in the Raman spectra of annealed samples are slightly shifted toward the blue. Gazzoli et al. [29] indicated that the vibrational bands positions in Raman spectrum depend on the tungsten content: a higher tungsten content, the higher the frequency at which the bands appear in the Raman spectrum and the removal of water molecules causes a shift of the Raman bands at higher frequency, which was confirmed by XPS studies. There is a difference in our ex-situ Raman spectra before and after heat treatment. The peak at 801 cm −1 shifts slightly to higher frequency (811 cm −1 ) after annealing. Due to the above statements, the 811 cm −1 peak should indicate that the WO 3 film contains more oxygen deficiency and the 801 cm −1 one should indicate more moisture on the film before annealing. Since it is an ex-situ measurement, even if we remove the surface water molecules of the films they can be partly absorbed on surface again during the experiment after annealing. Hence we deduced that the Raman shift comes from the internal structure or phase of the film, not from the surface of the film.
All the above facts support the hypothesis of an open (or porous) structure of the films with many inner empty spaces and intergrain boundaries. This means that comparably small 6 Advances in Condensed Matter Physics amounts of water were absorbed in the films. The results suggest that the formation of porous films is due to gas-phase reactions in the plasma, leading to a homogeneous nucleation of oxide particles on the substrate. Clearly the prepared films were not a typical crystalline WO 3 (monoclinic phase or m-phase) structure. In addition probably an increase of compressive residual stress of the film due to annealing causes Raman shift to higher wavenumbers. This phenomenon has also been observed in IrO 2 films [30] , ZrO 2 films [31] , and on the GaAs-SiO 2 interface [32] . Considering the residual stress and the Raman peak position before and after annealing, it can be concluded that the Raman peak position shifts to higher wavenumbers with the increase of compressive stress and it shifts to lower wavenumbers with the increase of tensile stress. To obtain a quantitative measurement of the residual stress of the WO 3 films, more detailed work is needed. The samples used for transmission measurements were deposited on silicon substrates of 100 m of thickness, which were obtained by chemical etching. The transmittance spectra in the visible and infrared range are recorded for the WO 3 thin films before and after annealing at different temperatures in the energy range 1.5-3.1 eV. The effect of annealing temperature on the optical properties including percentage of transmittance (% of ) and energy band gap ( ) is studied in detail. Figure 7 shows the transmission spectra of WO 3 films that are prepared at room temperature on silicon and further heat treated (annealed) in the range 100-500 ∘ C. The observed transmittance of the as-deposited film in the visible range varies from about 1 up to nearly 4% (without considering the substrate contribution). The sharp reduction in the transmittance spectrum at the energy of 3.15 eV is due to the fundamental absorption edge that was also reported previously [1] . The as-deposited tungsten oxide films were transparent, with no observable blue colouration under our experimental conditions. The transmittance of the WO 3 film annealed at 500 ∘ C is increased by about 10%, as can be seen in Figure 7 . The increase in transparency of the films with increased annealing temperature in air environment may be due to the formation of more oxygen-ion vacancies in the films and crystalline phase change as has been observed by X-ray dispersion and Raman scattering; the film changes to a nonstoichiometric composition, as could be seen from the change in colour of the film due to the excellent electrochromic nature. This causes the slight increase in energy band gap. It confirms that the improvement in crystallinity of the films increases with increasing annealing temperature; see Figure 7 . It is observed from the transmittance spectra that the absorption edge is also slightly shifted towards the higher energy region for the films annealed at higher temperatures, owing to preferred colouration effect on the films. The colour of the films also changes with the annealing temperatures, due to the excellent electrochromic nature.
The intrinsic absorption edge of the films can be evaluated and discussed in terms of the indirect interband transition. The optical band gap ( ) was evaluated by the absorption coefficient using the standard relation:
is expected to show a linear behaviour in the higher energy region, which should correspond to a strong absorption near the absorption edge. Extrapolating the linear portion of this straight line to zero absorption edge gives the optical energy band gap, , of the films. The absorption coefficient for a film of thickness and reflectance was determined near the absorption edge using the simple rela-
}/ , where multiple reflections are taken into account, but interference is neglected, and is the film thickness. Actually a transmission interference pattern could be observed in most samples and was used to obtain an accurate value for thickness . The optical band gap for the as-deposited WO 3 is calculated to be about 2.92 eV; the polycrystalline structure of the as-deposited WO 3 could cause to be bigger than 2.7 eV that corresponds to pure WO 3 indirect band gap in bulk. For the sample annealed at 100 ∘ C, the optical band gap decreased slightly by about 0.02 eV, which can be related to condensation of the films. However, the optical band gap of the WO 3 annealed at the range from 200 to 500 ∘ C is increased up to 3.15 eV due to recrystallization of the film. The reasons for which becomes bigger than 2.7 eV is the formation of oxygen vacancies at hese temperatures and the change of crystalline phase, as can be seen in Figure 8 [33, 34] . It is worth noting that has reported in the literature that for WO 3 films deposited by evaporation has found 2.7 < < 3.5 eV [1] . The inset in the figure shows the absorption edge of the asdeposited WO 3 , which allows calculating the band gap, that is, 2.92 eV. Besides, the graph contains the error bars that were calculated with precision of 5%. Figure 9 illustrates the 300 K photoluminescence of the as-deposited sample; it presents three radiative transitions, labelled A, B, and C and sited at 2.85, 2.41, and 2.04 eV that might be associated with oxygen vacancies, although band B is more intense for the investigated annealing temperature range. As can be seen in Figure 10 , the band labelled A is associated with blue-violet band and changes its radiative energy in a wide range, Δ = 269.6 meV. The same occurs with bands B and C oscillating in a band of 74 and 96 meV as the annealing temperature is increased. Figure 11 shows the dependence of the radiative bands, intensity versus annealing temperature; as is observed they tend to increase as the annealing temperature is increased presenting a minimum around 100 ∘ C. These results could be related to oxygen vacancies generated by the annealing ones and crystalline phase change.
Conclusions
In this work we have investigated in detail the effect of annealing temperature on structural and optical hot-filament the annealing temperature above 400 ∘ C, monoclinic to triclinic phase. The better aligned and highly oriented growth peaks enumerate the stoichiometric nature of the films. The highly transparent nature of the films has been observed from the optical transmittance spectra. The increase in transmittance with increasing annealing temperatures reveals the formation of oxygen vacancies in the films. The slight widening in the evaluated optical energy band gap values towards the increasing annealing temperature may be due to the optical band filling effect that reveals the crystallization of the films. One believes that these preliminary characteristic observations on the hot-filament metal oxide deposition WO 3 films will be helpful to explore the device performance of the films for electrochromic and smart window applications.
